Sterile neutrinos are an attractive extension of the Standard Model of elementary particles towards including a mechanism for generating the observed light neutrino masses. We discuss that when an approximate protective "lepton number"-like symmetry is present, the sterile neutrinos can have masses around the electroweak scale and potentially large neutrino Yukawa couplings, which makes them well testable at planned future particle colliders. We systematically discuss the production and decay channels for sterile neutrinos at electron-proton colliders and give a complete list of the leading order signatures for sterile neutrino searches. We highlight several novel search channels and present a first look at the possible sensitivities for the active-sterile mixing parameters and the heavy neutrino masses. We also compare the performance of electronproton colliders with the ones of proton-proton and electron-positron colliders, and discuss the complementarity of the different collider types.
Sterile neutrinos are an attractive extension of the Standard Model of elementary particles towards including a mechanism for generating the observed light neutrino masses. We discuss that when an approximate protective "lepton number"-like symmetry is present, the sterile neutrinos can have masses around the electroweak scale and potentially large neutrino Yukawa couplings, which makes them well testable at planned future particle colliders. We systematically discuss the production and decay channels for sterile neutrinos at electron-proton colliders and give a complete list of the leading order signatures for sterile neutrino searches. We highlight several novel search channels and present a first look at the possible sensitivities for the active-sterile mixing parameters and the heavy neutrino masses. We also compare the performance of electronproton colliders with the ones of proton-proton and electron-positron colliders, and discuss the complementarity of the different collider types. The observation of neutrino oscillations requires two mass splittings between the three active neutrinos, which in turn implies that at least two of the active neutrino species must have non-zero masses. Since the Standard Model (SM) does not contain neutrino masses, neutrino oscillations are evidence for physics beyond the SM (BSM).
The neutrino masses can easily be realised with Yukawa interactions, when the SM field content, cf. fig. 1 is "completed" with a number of right-handed neutrinos [2, 3, 4, 5] . Such new particles would be completely neutral with respect to the SM gauge group, which is why we will refer to them as sterile neutrinos from now on. Their lack of quantum numbers also allows for mass terms that mix up only the sterile neutrinos, such that the mass matrix for the neutral fermions contains the Dirac-type masses that emerge after breaking of the electroweak symmetry as well as the Majorana-like masses of the sterile neutrinos.
New physics models with sterile neutrinos have very attractive features: they can address the dark matter (DM) problem in minimal models, for instance the νMSM (see e.g. ref. [6, 7] ), or in slightly expanded versions (see e.g. ref. [8] ); they allow for leptogenesis at the GUT scale (see e.g. refs. [9, 10] ), the TeV scale (see e.g. refs. [11, 12, 13, 14] ), and even for low masses [15, 16, 17] ; they account for the light neutrinos' masses and mixings. See e.g. ref. [18] for a review on the phenomenology of sterile neutrinos in the early universe, and ref. [19] for an overview of searches for sterile neutrinos at particle colliders.
The type I seesaw mechanism
When a number of right-handed or sterile neutrinos are added to the field content of the SM, the diagonalisation of the mass matrix for the active and the sterile neutrinos yields a number of mass eigenstates. This is commonly referred to as the type I seesaw mechanism.
In order to understand how it works, we consider the "naïve" version of this mechanism, with exactly one active and one sterile neutrino, with a Dirac mass m D = |y ν |v EW , where y ν and v EW are the neutrino Yukawa coupling and the Higgs vacuum expectation value, respectively, and the sterile neutrino mass M R . In the case where m D M R , the light neutrino mass can be approximated by
The upper bounds on the light neutrino mass scale can be naturally explained when M R ∼ M GUT , or, alternatively, for tiny values of |y ν |. We can expand this simplistic picture of the seesaw mechanism to two active and sterile neutrinos. In this case, the Yukawa and Sterile neutrino masses become 2 × 2 matrices, for instance
where the parameter ε suggestively indicates the possibility of breaking the mass degeneracy first and the second "family" of light and heavy neutrino mass eigenstates:
Although this scenario allows to explain the observation of the oscillations, also here the upper bounds on the light neutrino mass scale require very large M R or very small y ν . It is possible to realize a type I seesaw mechanism with large neutrino Yukawa couplings and sterile neutrino masses around the electroweak scale when specific structures of the mass matrix are introduced, see for instance ref. [20] and references therein. This can be achieved, for instance, with additional symmetries and does not necessarily require any tuning of parameters. A simple example for such a seesaw scenario with two active and two sterile neutrinos with an additional symmetry is for instance given by 4) with the small parameter ε breaking the symmetry. In this scenario a mass for one of the light neutrinos is generated, 5) that is, the masses are zero in the symmetric limit, and a small perturbation generates a mass proportional to ε, the amount of symmetry breaking. The bounds on the light neutrino mass scale do not restrict the combination of the neutrino Yukawa coupling and the sterile neutrino mass. This implies, that large neutrino mixings and heavy neutrinos on the electroweak scale can be compatible with the observed smallness of the light neutrino masses. 1 We show the parameter space of the type I seesaw scenario in fig. 2 . Therein, the modulus of the neutrino Yukawa coupling is shown on the y-axis, and the x axis denotes the sterile neutrino mass scale. The naïve type I seesaw relation from eq. (2.1) is shown by the two diagonal lines for m ν i being the atmospheric and the solar mixing, respectively. Parameter combinations above these lines require either fine tuning or a symmetric seesaw mechanism. The green area denotes the parameter sets that can be tested with high-energy collision experiments. .1), where the light neutrino mass is taken to be the atmospheric and the solar mass difference, respectively. The green area denotes the parameter space that may be testable at colliders, the blue area the realm of GUT motivated high scale seesaw scenarios, and the orange area indicates where the reactor and LSND anomalies are situated.
The symmetry protected sterile neutrino scenario
As benchmark model we use the Symmetry Protected Seesaw Scenario (the SPSS, see [21] ), which does capture the relevant features of seesaw models that feature a symmetry which prevents the light neutrino masses from direct contributions of the neutrino-Yukawa couplings.
The SPSS includes one pair of sterile neutrinos N I R (I = 1, 2) and a protective "lepton-numberlike" symmetry, under wich N 1 R (N 2 R ) carries the same (opposite) charge as the left-handed SU(2) L doublets L α , α = e, µ, τ. In this model, the masses of the light neutrinos and other lepton-numberviolating effects can be introduced together with small symmetry-breaking terms, but are not considered in the following.
The model
The Lagrangian density of a generic seesaw model with two sterile neutrinos with an exact "leptonnumber-like" symmetry is given by
In this equation L SM contains the known SM fields, L α and φ denote the lepton and Higgs doublets, respectively, and the kinetic terms of the sterile neutrinos were omitted. The y ν α are complexvalued neutrino Yukawa couplings and the sterile neutrino mass parameter M can be chosen real without loss of generality.
In the SPSS, the mass matrix of the two sterile neutrinos and the neutrino Yukawa matrix take the form of eq. (2.4), with Y ν being a 2 matrix, and we consider the case of the "lepton-number-like" symmetry being exact, i.e. ε = 0.
After EW symmetry breaking, the 5×5 mass matrix of the electrically neutral leptons emerges, which can diagonalised with the unitary 5 × 5 leptonic mixing matrix. Neglecting O(θ 2 ) corrections to the heavy neutrinos, the mass eigenvalues are exactly 0 for the three light neutrinos, and M for the two heavy ones. The mixing of the active and sterile neutrinos can be quantified by the mixing angles, defined as
With the leptonic mixing angles the leptonic mixing matrix can be expressed as:
3)
The elements of the non-unitary 3 × 3 submatrix N , which is the effective mixing matrix of the three active neutrinos, i.e. the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, are given as
with U being a unitary 3 × 3 matrix. In the limit of the protective symmetry being exact, the SPSS introduces four parameters (beyond the SM) that are relevant for collider phenomenology: the moduli of the neutrino Yukawa couplings (|y ν e |, |y ν µ |, |y ν τ |) and the Majorana mass M.
Weak interactions of the light and heavy neutrinos
Leptonic mixing gives rise to the light and heavy neutrino mass eigenstates that both interact with the weak gauge bosons. This interaction can be expressed with the weak currents in the mass basis,
where g is the weak coupling constant, c W is the cosine of the Weinberg angle and P L = 1 2 (1 − γ 5 ) is the left-chiral projection operator, and where the mass eigenstatesñ j of the light and heavy neutrinos are defined via the active and sterile neutrinos:
The neutrino mass eigenstates interact with the Higgs boson via the Yukawa interaction in the Lagrangian density in eq. (3.1), which, in the mass basis, is given by
with ϑ i j = ∑ α=e,µ,τ U † iα U α j .
Indirect constraints from present precision data
As is discussed in ref. [22] , the presence of sterile neutrinos modifies the theory predictions for the Electroweak Precision Observables. In this reference an updated bound from a global set of precision observables was extracted in the so-called "Minimal Unitarity Violation" scheme. In addition to the EWPOs, this bound also includes other low energy precision observables:
• The lepton universality observables, given by the ratios of decay rates: R X αβ = Γ X α /Γ X β , where Γ X α denotes a decay width including a charged lepton α and a neutrino.
• Measurements of lepton flavour violating processes, in particular from charged leptons: ρ → σ γ. The presently strongest constraint comes from the MEG collaboration [23] .
• The unitarity of the first row of the CKM matrix.
• The weak mixing angle from the NuTeV experiment, using the recent update in ref. [24] , wherein the tension with other precision data has been removed.
• Measurements of parity violation at energies far below the Z boson mass, yieling the weak mixing angle with a precision below the percent level, see e.g. the reviews [25, 26] for an overview.
The analysis yields the following highest posterior density (HPD) intervals at 68% (1σ ) Bayesian confidence level (CL): [22] ε ee = −0.0012 ± 0.0006 |ε µ µ | < 0.00023 ε ττ = −0.0025 ± 0.0017
The best fit points for the off-diagonal ε αβ and for ε µ µ are at zero. We remark that there is a weak statistical preference for non-zero mixing for ε ee at two sigma confidence. The non-unitarity parameters can be expressed in terms of the active-sterile mixing parameters: ε αα = −θ * α θ α . The resulting constraints on the mixing parameters are shown in fig. 3 by the solid, dashed, and dotted lines for |θ e |, |θ τ |, and |θ µ |, respectively.
Present constraints from direct searches
Sterile neutrinos have been and are searched for at past end present colliders, respectively. Below is a list with the most stringent limits from searches at LEP and at the LHC.
• Search for sterile neutrinos produced in Z boson decays. The strongest bound was derived from the limit on the branching ratio of the Z boson from [27] , Opal [28] , Aleph [29] and L3 [30] . The corresponding upper bound is shown by the purple dashed line in fig. 3 .
• The measurement of the W boson production cross section allows to limit the production cross section for sterile neutrinos via leptonic final states at LEP-II. Direct searches have also been performed, e.g. in ref. [31] . The corresponding upper bound is shown by the solid green line in fig. 3 . Figure 3 : Present constraints on the active-sterile mixing parameters as a function of the sterile neutrino mass, taken from ref. [21] .
• The observation of Higgs boson branching ratios at the LHC, in particular of the Higgs to diphoton decays, allow to search for deviations of the Higgs total decay width. The corresponding upper bound is shown by the solid red line in fig. 3 .
4.
Heavy neutrino production at e − p colliders Figure 4 : Feynman diagrams representing the leading order production channels for heavy neutrinos in electron-proton scattering.
Electron-proton colliders collide protons from a hadron beam with electrons from an intersecting electron beam. They allow for a clean collision environment without pileup at center-of-mass energies of up to a few TeV. The currently discussed upgrade of the LHC with an electron beam, the Large Hadron-electron Collider (LHeC) [32, 33, 34] is planned to deliver up to 100 fb −1 integrated luminosity per year at a center-of-mass energy of ∼ 1.0 TeV, collecting ∼1 ab −1 over its lifetime. Within the Future Circular Collider design study a more ambitious design is discussed, namely the Future Circular electron-hadron Collider (FCC-eh) [35] , which may reuse the a 60 GeV electron beam from the LHeC and could yield center-of-mass energies up to 3.5 TeV with comparable luminosities to the LHeC, cf. ref. [36] .
At electron-proton colliders heavy neutrinos are produced via t-channel exchange of a W boson, which we call W t (q) (see in fig. 4 (left)) production channel, together with a quark jet and we label this channel. Another production channel is given by W γ-fusion, which gives rise to a heavy neutrino and a W − boson, which we call W t (γ) (see in fig. 4 (right) ). The latter is suppressed by the parton distribution function of the photon, but increasingly important for larger center-of-mass energies and sterile neutrino masses. Both production channels are sensitive on the active-sterile mixing parameter |θ e | only.
We show the production cross section σ N divided by |θ e | 2 for heavy neutrinos via W t (q) in fig In the following we will consider and use electron beam energies of 60 GeV as benchmark, and integrated luminosities of 1 ab −1 . 
Signatures for sterile neutrino searches at e − p colliders
In the following we provide a summary over the most relevant signatures for sterile neutrinos searches at electron-proton colliders as discussed in detail in ref. [19] .
For signatures that stem from the decays of heavy neutrinos that have been produced via the W t (q) channel, we generally expect final states with four fermions at the parton level. We note that at the reconstructed level, the exact number of final state objects can vary due to hadronisation of quarks and so-called detector effects. For the sake of clarity we refer to the here discussed signatures as "four-fermion" final states and list their signatures in tab. 1. t at e − p colliders with the corresponding final state, and the dependency on the active-sterile mixing parameters. A checkmark in the "LFV" column indicates that an unambiguous signal for LFV is possible.
Name
Final State |θ α | Dependency LFV t at e − p colliders with the corresponding final state, and the dependency on the active-sterile mixing parameters. A checkmark in the "LFV" column indicates that an unambiguous signal for LFV is possible.
Analogously, the decays of heavy neutrinos that are produced via the W t (γ) channel gives rise to so-called "five-fermion" final states (at the parton level). We list the corresponding signatures for the "five-fermion" final states in tab. 2. Among the signatures listed in tabs. 1 and 2 the final states without light neutrino, (i.e. missing energy on the reconstructed level,) such as the lepton-trijet, allow for unambiguous detection of lepton-flavor violation (LFV). Also the the jet-dilepton final states can give an unambiguous sign of LFV, if the negatively charged lepton is not an electron. Signatures that provide an unambiguous sign for LFV can in principle also provide an unambiguous sign for lepton number violation (LNV), for instance the final state e + j j j.
As mentioned above, the signatures in tab. 2 are more relevant at higher center-of-energies and for larger sterile neutrino masses M. They add further possibilities to search for unambiguous signs of LFV (and also LNV).
First look: lepton-flavour-conserving signatures
The sensitivities for lepton-number-conserving final states at the LHeC and the FCC-eh have been obtained in ref. [19] at the parton level. The results from this "first look" are presented in fig. 6 10 Figure 6 : Estimated sensitivity for sterile neutrino searches via lepton-flavor-conserving signatures at the LHeC (dashed) and the FCC-eh (solid) at 1σ from ref. [19] . The blue line labelled e − ννbb is produced from the W γ fusion channel.
at 1σ for the lepton-flavor conserving signatures. As mentioned above we assumed an integrated luminosity of 1 ab −1 for both, the LHeC (dashed lines) and the FCC-eh (solid lines) in this figure.
In the figure the grey dotted horizontal line denotes the present upper bound on |θ e | at the 90% Bayesian confidence level.
The 1σ parton level sensitivities for the lepton-flavor violating signatures are presented in fig.  7 . Therein, the LHeC and the FCC-eh are denoted by dashed and solid lines, respectively. The two black dotted lines denote the present upper bounds on the combinations |θ e θ µ | and |θ e θ τ | as listed in eq. 3.8.
The heavy neutrino production cross section is proportional to |θ e | 2 and the relative strength of the |θ α | 2 reflects in the relative strength of the lepton flavors in, e.g. the lepton-trijet, and the lepton-quadrijet signature, which both depend on |θ e θ α | 2 /|θ | 2 .
The comparison of figs. 6 and 7 shows that the LFV signatures have better expected sensitivities than the LFC ones. In particular, sterile neutrinos with mixings close to the present upper bound can be tested via the lepton-trijet signature for masses up to ∼ 1 TeV and ∼ 2.7 TeV, at the LHeC and FCC-eh, respectively. We note that for |θ α | ∼ |θ e | LFV is something that has to be expected.
The comparison of the LHeC and FCC-eh shows how the increased proton beam energy improves the sensitivities. Also the relative improvement in sensitivity of the the W γ fusion signature e − ννbb shows that the higher proton beam energy might bring additional merits by more and competitive signatures for sterile neutrinos searches.
We remark that, although some of the lepton-number-violating signatures do not have SM backgrounds at the parton level, their cross sections are suppressed by the protective symmetry, and we therefore do not expect the resulting sensitivity to be competitive to the LFV signatures. Summary of selected estimated sensitivities of the FCC-ee, -hh, and -eh colliders, including the HL-LHC and the LHeC, taken from ref. [19] . The FCC-ee sensitivities of the displaced vertex searches and the sensitivity from the EWPO are shown by the blue lines. Shown in red and dark red are the HL-HLC and the FCC-hh sensitivities, respectively. The estimates for the e − p colliders, the LHeC in yellow and the FCC-eh in brown have the best prospects for discovering sterile neutrinos via the LFV signatures.
Synergy and Complementarity with other colliders
We show a combination of the different estimated sensitivities for the FCC configurations as well as for the HL-LHC and the LHeC in fig. 8 . The sensitivities for the electron-positron collider stem from the displaced vertex searches (M < m W ) and from the indirect searches via the EWPO (M > m W ) from the Z pole run with 120 ab −1 , where it is difficult to distinguish possible LNV signatures from LNC ones. The HL-LHC and the FCC-hh are shown by the red and dark red lines, respectively, and their best sensitivity is expected via the LFV and LNC signature − α + β j j, which is sensitive to different combinations of |θ α θ β | and allows to infer the heavy neutrino mass. The best sensitivity from direct searches comes from the searches for LFV lepton-trijets at electron-proton colliders, the LHeC and the FCC-eh, shown in yellow and brown, respectively.
Conclusions
Sterile neutrinos are well motivated extensions of the SM, and symmetry protected seesaw scenarios allow for electroweak scale sterile neutrino masses and O(1) active-sterile mixings. Present precision data constrain the active-sterile mixing parameters to |θ | 2 ≤ O(10 −3 ).
At electron-proton colliders sterile neutrinos are produced dominantly via the mixing with the electron flavor, |θ e |. For masses below m W , the best sensitivity can generally be achieved via searches for displaced vertices, which yield sensitivities that are, however, not as good as those at the FCC-ee. The best sensitivity for masses above m W is expected to come from the lepton-flavorviolating lepton-trijet final state, which could test mixings down to |θ e θ α | ∼ 10 −6 for both, the LHeC and the FCC-eh.
We emphasize that the sensitivity from direct searches via the lepton-flavor violating signatures at electron-proton colliders significantly enhances the sensitivity of the HL-LHC and the FCC-hh; it can reach smaller values for the active-sterile mixing parameter |θ e | or larger values for the masses. In particular, the direct searches for sterile neutrinos can tests sterile neutrinos with masses up to 1.0 and 2.7 TeV at the LHeC and the FCC-eh, respectively.
It is important to realize that the direct searches for sterile neutrinos with masses above a few hundred GeV have greater prospects at electron-proton colliders compared to the proton-proton colliders, and also compared to circular electron-positron colliders. In particular, the improvement of the LHC sensitivity to sterile neutrino searches by the LHeC upgrade is huge. It therefore seems to be a wasted opportunity not to upgrade a proton-proton collider facility with an electron beam.
